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ABSTRACT

This paper discusses a ntier model and signai processing tecn-
rques lor aata recovery 1n Pulse Width Modulation i PWAM) opui-
‘Al recording. In PWNM. information is stored througn moduiating
sizes of sequential marks alternating 1n magnetic polarization or
n matertai siructure. Jitter. defined as the deviation from thie
~riginal mark size in the time domain. wiil resuit 1n error detec-
“ton if it (5 excessively large. [lus paper takes a new approach
i data recovery oy first using a high speed counter clock to con-
vert tume-marks to amplitude-marks. and uses signal processing
technigues to minimize jitter according to the ntter moael. The
~ignal processing techniques inciude motor speed and intersvmbol
nterference equalization. different:al and additive detection. and
niferential ana auditive modulation

1 Introduction

Optical data storage is built upon many disaiphines. Through
the applications of these disciplines, storage densities and access
speeds have been improved sigmficantly {1]. In addition to the
cesults that have provided shorter wavelength laser diodes, lighter
nptical heads. and better understanding of media, the use of signal
processing lechniques is also important in extracting information
from noisy signals. As a result, this paper will study how data can
he modulated. equalized, detected. and demodulated to achieve
nigher density storage.

Background

Since the magneto-optical (M-O) and phase change media have
only two different poiarizations or states, information can be stored

anlv througn modulating marks alternating tn polarization or state.

[n this paper. pulse width modulation ( PYWM) is considered where
marks of variabie size according to the input signal are recorded.

[n detecting a readback signal, the peak detection technique is
~ommoniy used 12][3]. That is. a signal of peaks at mark bound-
aries 1s first generated by a differentiator if necessary. To recover
the original signal, a time window is used to decide whether a
peak falls into it or not. The time window is generally derived
from the readback signal by a phase lock loop (PLL) {4].

Approach of This Paper

[n this paper, a different approach i1s taken in recovering the
original signal. First. mark boundaries are detected by methods
such as the peak detection method described above. In the sec-
ond step. instead of using the time window method. a high speed
counter clock 1s used to quantize the mark size between two adja-
cent mark boundaries. as depicted in Figure 1. The counter output
generates an integer number proportional to the time mark. In
other woras. this quantization step transforms the readback sig-
nal from time marks to amplitude marks, and signal processing
techniques are subsequently used.

There are two unportant advantages 0 f.s dianization -
nroach. First. 1t converts a tune-mark signar Lo an ampnt: -
mark signal. As a resuit of this conversion. uime domam noisr -
jitter) is at the same time converted to amphtude doman no.se,
which allows us to perform signal processing 1n the amonituie io-
main. Another advantage of this approach 13 1t proviries a ioxiote
and integrated impiementation of VATIOUs euUALIZALION. letrTLion.
and demodutation algorithms. This will become ciear in rne sub-
<equent discussion.

One disadvantage of this approach s the added auanuzation
error in the quantzation step. However. if the rlock 1s (ast enougn.
this quantization ertor 1s neghigible. For exampie. :f the stark s
period 1s one nsec and mark sizes are muitiples of i)
Lave a signal to nose rano >NR = 1llog (=) =

~alculation. see {3] for exampte}.

Jitter, defined® as the total deviation away trom the oncinat
mark size by all possible causes. 15 the time domain nose. similar
to the amplitude noise in an amplitude modulated signai. [here
are various sources that contribute to the total ptter. Tlus paper
will establish a jitter model that transiates ail jitter sources into
the total jitter, and study how the jitter can be reduced vy signal
processing.
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Figure 1: Quantization of Time Marks to Ampittude Marks

2  Jitter Model

This section describes a jitter model based on which equai-
ization, detection, and modulation techniques are described in
the following sections. Although the modei is not yet completely
verified experimentally. it is formulated according to recent exper-
iment and simuiation studies [6]-{8].

LIf we assume the disk linear velocity is 4 m/sec, thus 100 nsec ume unit
corresponds to 400 nm mark unit. For a system using (2.7) RLL code. the
minimum mark size is 1.2 um. [f we compare this with a typical diffraction
limit at 1 um, this 100 nsec i1s a reasonable assumption.

2[n optical recording, since there are many sources causing mark size de-
viation. jitter is aiso defined differentiy. For example, in peak detection, the
deviation of & mark boundary is calied peak shift [3], and jitter 1s one of ithe
causes due to random noise. In this paper. for simpiicity, jitter is the total
cesult of all deviation causes, and each cause will be described in detasl in the

Jjitter model.
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2.1 \\3-?‘& Process Jitter Model

in the write process. moauiated mput data to a sk drive s
‘N a sequence of time marks: ... ... T, .wnere 7.5 the
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time duration of mark ¢
starting ume of mark

\We can aenne t. = Lo be the
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WWhen the input signai is recorary onto a sk, e spatial mars
stze VT wrinten corresponaing 1o Gune mark 1 s

W= T — e — ST AL, 2t
ihe dISK 18 rolatig 1 A Lsnunal Linear constant velocity by pas
velocity pitter My, . Lo tne equation. ¢ 15 the jtter at the lelt
hand side of the mark. . 1s at the night hand side. and A%
positive if 1t makes V. smatier. Figure 2

g .. 8.,

— - - =~
W ; w J W‘_, _-‘T
| s
‘ : )
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in Eq. (2,15 each ¢= 15 Jue Lo tiree different nitter sources
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where

', Jitter due to random noise such as electronic noise and mag-
netic medium property fuctuation or defects. This first type
of ntter 1s calied noise jitter and often simply called jitter.
This )itier has no correiation with the input signal and s
independent of adjacent jitter of the same kind.

&% .+ Jiter due to laser power and/or beam width Huctuation. or
other similar mechamisms.  This kind of jitter 1s called bit
shift jitter. This ptter 1s shifted in different direction at the
using and falling edges of a mark in erase-and-write optical
recording systems. where marks are “written” or "burned”
only with even indexes. That is. the 1itter sequence (¥, _ .
23,0 &, o) will be alternating 1n sign. The magnitude of
this jitter 1n generar should be slowly varying and has strony
correlation with adjacent ones.

#% .+ Jitter due to intersymbol interference (ISI). This jitter is a

" function fO... T, .. T,, T4y, ...). of adjacent Lime marks,

This function can be linear or non-linear of time mark sizes

T.’s. Physically. when a mark is being written. the longer

the mark. the more heat is accumulated on the media, which
results in this mark size dependent jitter.

2.2 Read Process Jitter Model

In the read process. the spatial mark size that is being read
back can be simiiariy expressed as:
W= R 8T (2.3)

J 1+l

where each )itter component has 1ts similar counterpart described
in the write process. Specifically,

Appe

n({uc N
JOise JIU.EI‘ due LO random receiver noisa

Peak shift jitter que to 1aser veam wiith i
read process.

LAl rne

*5,: ISl jitter in the read process. Physicany this IS] 1irer s aue
to the convolution of the iaser beam wiith witi 1 written

mark size. The time mark read cut wil cerena 50 e mara

size recorded.
Including the motor speed jitter. we nave ;7 = A
A= W/ =i AV. /Y1) Theretore (rom e -2 | 10

2.0,

we nave

where (Av/v) = (=ALL/V.) + AV, /Y ana e .
f‘!aser; +6m¢d|a.) +6recewer‘] V02, = 0?. ﬁ-(’-_: ..and «41: = ‘l{ -ty
For convenience. we call é, , the noise jitter. & . the DIt shft it
and 63, the ISI jitter.

i
+

3 Equalization Techniques

The objective of equalization discussed 1n '1is scction s -
restore the original mark size 7. from I7

(1). Write Velocity Jitter Correction

The term T,A1, 1n Eq. (2.1) is the jitter caused oy velonmity
fluctuation and is propotuional to T,. [n time-window-based peak
detection systems where mark sizes are not quantized. thus T,-
proportional jitter is not important since it can be compensated
easily by a phase lock loop (PLL) in the read process. flow-
ever, when time marks are quantized and converted into ampii-
tude marks, it is more difficult to use a PLL. In the following we
explain how velocity fluctuation can be compensatea by using the
servo voitage in the disk drive.

A arcuit that removes motor speed jitter 1s depicted 1n Fig
3. In the figure, a voltage signal v(t} that 1s proportional to the
itnear velocity of the disk with respect to the laser head is sent
to an integrator. If the integrator 1s reset to zero at time ¢ the
voltage output U;(¢,41) of the integrator equals the spatial mark
IV, at time t,,;. and the comparator output changes Irom "0" 15
“1". This transition will reset the integrator. change the JK Flij-
Flop state from on to off. and turn off the laser diode Simuiar
operation repeats from ume ¢;4 101,42

Change Siate &1 mung eage
i)
[ —————)
Integraior JK-FF Laser Diode
V] I Rasel
o
QUIDUt *1* when Wiel);

Qutput *0° wnen not equai

Figure 3: Circuit for Write Process Compensation
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Appendix N

Lo TS COmoensation. tie MAark size writhen LedTities
AR I AR L L ;

Read Process Equalization

e equalization i1 the receiver CONSISES Of LWO STehs -y ~iaail
o Fizure 4 The first step s to reduce tne ISI ncter & o Ll
way 1 reituce [S1 s to subtract each 1' by an amouut vt *5 19
vaere o3 = Fo 0 T TT T,"H ,and 10 s the pre-nnown

[S] fumction. *7 . ~AROOL he eXACLlY PAUAL LO Mv. Dwwinse we se
[T tnsteaq of . w0 estimate the [S[ ptter. Better astunation can

ke obtained by using decision feedback equanzation s DFE!

Neglecting the second order etfect 165, — ) .+ and comoining
we nave

Eqs. 2.4 and 3.1V,

(84

= i—fz““)—olvoll L

=1

The second step 1s to correct the motor speed jitter in the reag
process. [o accomplish this. we aiso use the motor servo veitage
signal to estimate the quanuty A1. /1%, based on which. we iave

—‘,‘A,—ﬂ‘v"‘ PP N i

After these two steps, jitter that is left includes only ¢y, and

22, The first one s purely random and has no corretation with
1djacent ones. The second one 1s slowly varving and aiternating
1 sign as a function of ;. Instead of equalizing this secona jit-
rer directiv, the following detection techniques are used to make
correct detection insensitive to this jitter.

rgn Speed Clock Motor Sosed Sgnal

-r A 2
: ! Ti ’
1
| Aecaves st Uotor Soees | !
— Temg Mam = Jms =t J Oeiecion
| Comoutanon Equaizer ‘qudnu« | \ |

Figure 4 Block Diagram in Recerver Equalization ana Detection

4+ Detection Techniques

The first method to recover the original mark size [, {rom
702 {5 cailed the Differential Interleaving Detection 1DIDY. I we

l'v
‘ 2 2 . .
subtract T;, from T; , the difference is:

cr 2
AT, = (T =
(4.1)

where the term: 825 — 2542 = 2,41 + 03 ;43 13 of second order

\nd mavbe neglected because of the strong positive correiation
between (82, 62,;+2) and (82541, 62,543)-

AT, in Eq. (4.1) has only the random jitter. Companng this
with Eq. (3.3). this technique has a 3db power penaity. However.
we may use maximum likelihood sequence detection { MLSD) to
detect each AT, in a sequence ol (.. AT .2, AT, AT, .2,
to avoid this penalr.v With this dxﬂ'erem.lal interleaving metiiod.
if the first two mark sizes T; and T are predefined. subsequent
T,'s can all be obtained from the differential terms.

. v, Sl 4 . .
-T ) = ()T, —7'14'7'_-\/7‘5‘-1""1,”2"‘*1 [RARAAPEE

‘1 the case tnat the [,
i1ta. straigniiorwara detection may nave in
;roplem. To solve this. a post-modautation merno i
ntial [nterieaving Modulation  DIM can on
“hie next section.

S ALP MOMUIAlCd W r1ing 0 e nr
SITOT DIATAZAL
saven Dol
R0l 1S descrined

[he second metnod to rrcover tne Srigind, L ark $i20§ focc e
s ~ailed the Additive Interteaving Detection 1 AJDY This mers

irst adds the two adjacent mark sizes read. [Lat s
del 2 L
- el — .
T ET e i =T~ ) —a -~ .
st ' - . -
'R -

\gain, the term o7,

—_fa

From the detected i. .
-an all be recovered if the first 11 I ,)rmennpﬂ
has the same error propacation probiem as UID [ written
ire modulated according to =7, insteaa of [. ihe probiem
-ompletely removed. and this posc-monulanon.xs cated Adduos
Interleaving Modulation (ALM).

I
[iiis metno
mars

5 Modulation Techniques

For a given modulation coae that transiates an input messaz
Lo a sequence ot mark sizes O;. the objective 2f tne postmo :
ulation DIM or AIM is to transiate 5, into [, -5 tnat at
detection either AT, or ZT; can be used directly to recover 1-
original S; without any error propagation. Without i0ss of gener
ity, V. = V), is assumed in the following discussion.

(i). Differential Interleaving Modulation

For a given modulation code. assume eacn mark generate:
satisfies the following condition:

0 < Smun < 5; < Semae. i5.1

For DIM, we first define the initial vaiues I, and 7>, and sub

sequent I} 's after T and T» are obtained as follows:

T:H-Z ={

where 0 < Train £ 7, € Tings for eacn )

T, +5,,
I:v +S,v “Tma:‘?rmm_ L.

To make the modulation rule seif-consistent when T, = T.,,
wd S5 = Smas. {rom the second part of Eq. (3 2). we need:

-

T"un S S'm:: - 1. "5--)

Smaz + Trin =1 € Tnae o Thmgz —

;. By subtracting T, on both sides of Eq. (5.2}, we have:
S; 7, +5;, <T.
-ATy = -1y = 2 P =
3= Tea=T { S; = Tomaz + Tmun = 1. i T, + 5, > T,

We note that if T, + Sj < Trmas is true in recording, —AT, =
Lia=T; =85 2 Sminand f T +S, > Tnae 1s Lrue in recording
by Eq. (5.3), =AT, = T;42-1; = §; -
Therefore:

Tmazr + Tmen = 1 <0

S;,

b; - Tma: + Tmm -1

if —AT: > Smin

A% =TT = { i AT, <0

As a result, the differential pre-demodulation rule 1s:

q¥]
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tiresnoid detection
31 also proviaes the
aosappens

and the onginal 5; can be recovered by simo
‘rom =7 Here we see tne conaiuion in Eq
~rror deteclion capatiiity wnen i < —AT7 & <.

e
5
vy, Additve Interieaving Modulation

VEM o

Fie ADM ruie s desceine

\SSUe e ven e dwialtion Soade g T ae =t

WML SN COlditcan by L0 L

E R

Ten Lt ‘L

s dennmition maxes sure 7, Tomgn 10 make sure [,

Jmar. we need the foilowing two additional conditions. Substitut-

g o= Toaga 40d S, = Saygp in o the hirst part of By 1357 we
need

Smaz — < Toin = <T 15 41

Senar srmin T dmin = Omar & dmar o

Substituting 1.5, — 7.0 with -1 10 the second part of Eq. 1553 wr
need

-t - :‘mm T amogr Sy : A-yq_-]: h _\ T R A

In addition. to know whetper =, — 7 > ar s = U0 s e

Nrecording to select the right eguation from a0 5 o aan

recoverv. we should have anotner condilion ot fwmym AL imar
Note that when 5, = 7. < 0 is true, we have: mu7, = [,..s =

-
[l

MM, + {mar T Lmin = Smin i = [maz + {men. and when 5 =7, >

Jas true. maxil, ~ T
Theretfore. condition 5.6} shouid be modified as:

T p— e
maxid: = Seind = Dear T i

(72}

<
imar 2 Omar

As a result. with the two conditions (5 77 and {3 ). we can have
the following AlM demoduiation ruie

- {’ =77 - men Ww=Tr i .‘n-m: - Tmm
T ST = Tawn v D = Joane U ZTT 2 Ty = Finas

' (RN
Agam. if Sigr += Trmin < ZT7 < T T Smar. CITOUS can e

detected

6 Simulation Examples

Tiis section examines how data recovery i1s improved by fis-
Ing the signal processing techintques discussed earlicr. Tu have a
juantitative periormance evaiualion. we use the mark error rate
{MER) as the criterion. which is detined as tne ratio of the number
ol misdetected marks to the total number of input marks.

[n the following subsections, we first describe three different
sets of the statistical parameters that are used in the computer
simuiation programs. These three sets are used Lo describe tiiree
different nitier scenarios. Next. we describe five different detection
methods based on which MER is calcuiated. [n simuiation, cach
AMER is obtained at a given signal to noise ratio iSNR). whnere
SNR s defined as.

Unit Mark Size ATV,
RMS Jitter ot ¢

SVR

T T ecerver

.- -
Vo  aeer media

where AT 1s the umit of time. trom this definition. we see that
SNR here only includes noise jitter. At the ena we will discuss
the simulation resuits

G.prpg’gggsﬁcal Parameters

{n simulation. ime mark sizes are 1AT where AT < chosen 1
be 100 nsec. and 1 1s uniformiy distributed between .5 111 5 sim.
dar to the (2.7} code but not exactiyvj. The disk .inear SPLOTIEY (s
set at 4.0 m/sec In the both write and read process. For sinpue:ts
the velocity tlucution in the write process 1s assumend * ) to sor -
in all stmulation cases (or assuming the velocity corre~tion can ¢
Jone perfectly). Three different sels of parameters are screcte (s
cover the following scenarios:

3

L. All velocity jitter. bit shift jitter. and ISI are stanifi-
cant.

In this scenario. reaa velocity Quctuation range is sot . e 11§
myrsec. or 10% of the mean velocity, Velocity s mamtaineg 1.5 i

slowly varying within a time mark period

Biv shift jitter (€771 1s set to have a mean sttt “uy nm ¢
represent approximately 20% of the iaser bearn width 1assumins
the diffraction limit1s | um). and the fluctuation of ihe s s
+60 nm. or approximately 6% of the iaser beam widti
shift jitter 1s also maintained to be slowly VATVIOZ 10 & 1hme mark
period.

The ot

IS jitter 1s assumed to be essentially a linear runcty
time mark written. The proportionai constant s -
be .05 1n this scenario. The detection pertorimance i« <twg
I'tgure 3.

2. Only bit shift jitter is significant.

In this scenario. veiocity jitter is set 1o zero. an tie IS ntter
1s reduced from 0.03 in scenario 1 to U.02. Other parameters are
the same as those in scenano |. The detection perlormance ts
shown in Figure 6.

3. Only ISI is significant.

In this scenario. velocity jitter Is set to zero. and e bit sii:
Jutter 1s reduced from +60 nm in scenario | to =10 nm. cr =i
of the laser beam width. Other parameters are maintaied to 1o
the same as in scenario |. The detection performance 1s shown i
Figure 7.

6.2 Detection Methods

Five detection methods are used in simulation They are
1. Basic Detection.

The basic detection method 1s based on thresioid «detection
and uses no equalization other than compensating the averace bt
shift term 6. That is, for each detected mark size. T7 . we suotract

285/V, if j is even and add the same amount if 715 odd.
2. Basic Detection plus ISI Equalization.

In addition to the average bit shift compensation. this second
detection method equalizes the IS] jitter

3. Basic Detection plus ISI and Velocity Equalizatiown.

[n addition to the basic detection and ISI equalization. this
detection method equalizes velocity fluctuation.

4. Differential Detection plus ISI and Velocity Equaliza-
tion.

This detection method equalizes ISI and velocity Auctuation.
but it does not cancel bit shift jitter in the rudimentary way of
method 1. Instead. it uses the better differential detection method
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(DID) to cancel the jitter
5. Additive Detection plus ISI and Velocity Equiization.
This detection method ts aimost the same as the last method

except it uses additive detection rather than auferential detection
described in section 4.

6.3 Discussion

From the results. we may make the following observations.

1. The basic detection method is not an effective detection
method if the nose nitter is dominated by other jitter. As
shown in Figures 3 to 7. MER can not be effectively 1m-
proved by increasing SNR. This indicates the importance of
equalization. :

[

Methods 2 and 3 perform almost the same 1 velocity thuc-
tuation does not exist. These two methods perform equally
as well as the DID and AID methods when gaussian noise
dorninates (SN¥ R < 12) (even better than DID).

7 Differential detection performs better than the first three
Jetection methods. and is approximately 3 db poorer than
additive detection. This is what we predicted before. Bul
interestingly. when SNR is greater than 25 db. DID reaches
an error toor 1f bit shift jitter is sigmficant {see Figures
5.6). We do not see the similar floor when only ISI jitter is
important (Figure 7). This error floor is likely due to the
second order jitter effect that we have neglected. and this
effect does not appear in the case of AID. When noise jitter
dominates (SNR < 12 in Figures 3-7). DID is not better
than the other methods because of the extra 3db penalty.

4. Additive detection performs better in all cases, especially
when all sources of jitter are important or when bit shaft
jitter is not neghgible (see Figures 5-7).

7 Conclusions

This paper has introduced a jitter model and a quantization
approach. based on which signal processing techniques in equal-

1zation. detection, and modulation were used to obtain better data
recoverv. From the simulation examples iilustratea. we found thit
additive detection plus velocity and IS equanzations perform !
pest. Its smailer SNR to obtain the same marg 2rror rate unpiies
smaljer sizes can be recovered and consequentiy a iugiwer rensit.
can be achieved.
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